Introduction
Chronic lymphocytic leukemia (CLL) is a progressive B-cell malignancy that demonstrates significant heterogeneity with respect to biology as well as progression-free and overall survival. 1 Because of the lack of survival advantage with early treatment, therapy for CLL is delayed until symptoms develop. 2 The lack of curative and effective therapy for all genetic subsets of CLL has fueled investigation of new therapeutic approaches for this disease. A notable advancement in this effort has been the introduction of cyclin-dependent kinase (CDK) inhibitors. Flavopiridol was the first broad inhibitor of CDK enzymes 3, 4 that entered clinical development for CLL. Preclinical studies by several groups demonstrated that flavopiridol mediates potent apoptosis in CLL cells that occurs independent of del(17p13.1) or loss of p53 function. 5, 6 Further studies in CLL and other leukemias suggested that flavopiridol mediates its effects through activation of p38MAPK or JNK1, or through inhibition of CDK9 and RNA transcription with subsequent depletion of short half-life antiapoptotic proteins. 4, 7, 8 These preclinical studies prompted clinical investigation of flavopiridol in relapsed and refractory CLL. Significant activity was observed in up to 50% of patients with refractory CLL, with a dose-limiting side effect of hyperacute tumor lysis syndrome. 9, 10 This effect is not observed with any other CLL therapy to date, suggesting that flavopiridol uses a novel mechanism of action compared with currently available treatments. Although downregulation of short half-life pro-survival proteins, such as Mcl-1, represents a viable hypothesis, 11 detailed characterization of early events in leukemia cells obtained serially from CLL patients receiving flavopiridol demonstrated no correlation of Mcl-1 changes with treatment response, 12 most likely because of the complexity of pathways targeted by flavopiridol in addition to Mcl-1. This prompted our group to hypothesize that this agent uses an alternative cytotoxic mechanism.
In studying the mechanism of action of flavopiridol, our group demonstrated by electron microscopy that in vitro treatment of CLL patient cells with flavopiridol promoted the appearance of double-membrane structures suggestive of autophagy. 13 Autophagy is an intracellular process that plays a role in normal cell homeostasis. In this process, misfolded proteins, damaged/aged organelles, or other intracellular components are sequestered inside a double-membrane vesicle called an "autophagosome," which then fuses with lysosomes to allow degradation of its contents. 14, 15 In both normal and transformed cells, autophagy occurs after multiple different stimuli, including starvation, endoplasmic reticulum (ER) stress, reactive oxygen species stress, or pharmacologic inhibition of mammalian target of rapamycin (mTOR) or class I phosphatidylinositol 3-kinase (class I PI3K). 16, 17 After activation of this pathway, autophagosome formation is initiated by class III PI3K, which forms a complex with Beclin-1 (ATG6) and Barkor (Beclin 1-associated autophagy related key regulator, homolog of ATG14). 16, 18 ATG4 cleaves a carboxi-termini arginine off of LC3 I (16-kDa isoform), thus exposing a glycine residue where phosphatidylethanolamine binds to produce LC3 II (14-kDa isoform); LC3-II is activated by ATG7 and transferred to ATG3, which conjugates it to phosphatidylethanolamine. Subsequently, LC3-II is recruited to the forming autophagosome membrane with the help of the ATG12-ATG5 complex, contributing to the expansion of the autophagosome. Finally, autophagosome-lysosome fusion results in degradation of the enclosed cellular proteins. 19 In the majority of settings autophagy is protective, 20 but with excessive autophagy, an autophagocytic type II death via necrosis has been reported. 21, 22 However, the decision point in this process is unclear, and no investigation has examined in one tumor type the effect of multiple autophagy-inducing stimuli on cell death. Here we demonstrate that autophagy induced by ER stress, but not other mechanisms, protects CLL cells from cell death and that the CDK inhibitor flavopiridol robustly induces both ER stress and a protective autophagic response. These observations prompted detailed study of ER stress as a novel mechanism of CDK inhibitor-mediated cell death. These studies demonstrate, for the first time, that flavopiridol induces robust ER stress in vitro and in patients and that subsequent cell death is dependent on IRE1-induced ASK1 activation and downstream caspase 4. Collectively, these findings point to a new mechanism of action of flavopiridol and possibly other CDK inhibitors as well as strategies to overcome resistance to these treatments.
Methods

Patients, cell separation, culture conditions, and reagents
For both in vivo and in vitro studies, written, informed consent was obtained in accordance with the Declaration of Helsinki to procure cells from patients with previously diagnosed CLL as defined by the modified National Cancer Institute criteria. 23 Approval was obtained from The Ohio State University (OSU) institutional review board. CD19 ϩ cells from CLL patients, and normal volunteers were selected and maintained in culture as previously described by our group. 24 Flavopiridol was obtained from the National Cancer Institute. Rapamycin was purchased from EMDCalbiochem. Chloroquine, thapsigargin, F-ara-A (9-␤-D-arabinofuranosyl-2-fluoroadenine 5Ј-phosphate), chlorambucil, and tunicamycin were obtained from Sigma-Aldrich, rituximab from Genentech, and CAL-101 from Calistoga Pharmaceuticals.
Confocal immunofluorescence microscopy of fixed cells
See supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Quantification of immunofluorescence data.
LC3 intensity and number of dots per cell were both assessed in the fluorescence images. We used Metamorph Version 7.0 for LC3 intensity; and for cell counts and measurement of correlation index, the program used is based on MatLab Version 7.9.0.529 (R2009b) software, and it was developed by members of Department of Biomedical Informatics, OSU. For more details, see supplemental Methods.
Immunoblot analysis and coimmunoprecipitation
Proteins extracted from whole-cell lysates (50 g/lane) were separated on polyacrylamide gels and transferred on nitrocellulose membrane. Antibodies used for immunoblots included LC3, IRE1␣, TRAF2, PI3K III, ATG4C, ATG5-12, UVRAG, Beclin-1, GRP78 (Cell Signaling), GAPDH, Nrf2, ASK1, ULK1 (Santa Cruz Biotechnology), and Bif-1, ATG14-Barkor (Sigma-Aldrich). Species-appropriate secondary antibodies were obtained from BioRad. After antibody incubations, proteins were detected using a chemiluminescent substrate (BioRad). For coimmunoprecipitations, TrueBlot beads (eBioscience) and One-hour IP Western kit (GenScript) were used according to manufacturer protocols. Quantification was done using FluorChem Q (Alpha Innotech).
Caspase activity assays
The presence of active caspase enzymes was determined by the 7-amino-4-trifluoromethylcoumarin assay as previously described. 25 For more details, see supplemental Methods.
Cell viability
Percent of live cells was determined by staining with annexin V-FITC and propidium iodide (PI), followed by flow cytometry using a Beckman-Coulter Cytomics FC500 cytometer. For more details, see supplemental Methods.
siRNA experiments
CLL cells were suspended in buffer V (Amaxa kit; Lonza), and nucleofection was performed using program U016 (5 g siRNA and 1 ϫ 10 7 cells per cuvette). Scrambled siRNA and siRNAs to ATG5, ATG7, and ASK1 were purchased from Sigma-Aldrich. Cells were immediately suspended in warm, complete media supplemented with 10% human serum, and RNA was extracted after 36 hours. For CDK1 and CDK5, siRNAs were purchased from Applied Biosystems. Transfections were done using 5nM siRNA per cuvette, and RNA was harvested at 48 hours.
ChIP assays
EZ Magna ChIP kit from Millipore was used according to the protocol suggested by the manufacturer. In brief, cells were treated with 37% formaldehyde to ensure crosslinking of proteins to DNA. Cells were lysed and sonicated to shear the chromatin to fragments of approximately 500 bp. Sheared chromatin was incubated with ATF6 antibody (LifeSpan Biosciences), followed by precipitation, washing, and reversing of the crosslinks. Purified DNA was then analyzed by real-time quantitative PCR using primers to the GRP78 promoter region. 26 Primers were designed using Primer 3 software and purchased from IDT.
PCR and real-time quantitative PCR
RNA was extracted using TRIzol reagent (Invitrogen) and purified using QIAGEN RNeasy columns (QIAGEN). cDNA was prepared with SuperScript First-Strand Synthesis System (Invitrogen). Real-time PCR was performed using primers purchased from Applied Biosystems. Detection was performed using an ABI Prism 7700 sequence detection system (Applied Biosystems). Average relative expression (treatment compared with vehicle) was normalized to the internal control gene CD52. Primers to detect spliced XBP1 27 were designed using Primer Version 3 software and purchased from IDT. Samples were analyzed on 10% acrylamide gels.
Statistical analyses
All analyses were performed using SAS/STAT Version 9.2 (SAS Institute). See supplemental Methods for more details.
Results
CLL cells express autophagy-related proteins and are susceptible to autophagy induced by starvation or pharmacologic agents
Given the absence of reports on autophagy in CLL, we first examined whether CLL cells express the critical components of this pathway. As shown in supplemental Figure 1 , autophagy pathway proteins, including ATG family members, are clearly expressed in primary CLL cells at levels comparable with normal B cells. ATG4C, UVRAG, and ULK1 were increased in CLL samples.
We next determined whether CLL cells undergo autophagy with well-characterized initiators of this process. As shown by confocal fluorescence microscopy in Figure 1A and numerically quantified in Figure 1B , CLL patient samples (n ϭ 6) undergoing 4 hours of starvation or 4 hours of incubation with thapsigargin or rapamycin show significant (P Ͻ .0001 treatment vs vehicle-treated for all conditions) increase in LC3 aggregation, indicating increased autophagosome formation. The anti-LC3 antibody used here to detect autophagosomes is the same as the one used next for the immunoblot experiment; it detects uncleaved LC3B, LC3-I, and LC3-II. Formation of autophagosomes was also confirmed by immunoblot, 28 showing increased LC3-II ( Figure 1C ). Autophagosome accumulation can be caused either by induction of their formation or by inhibition of fusion with lysosomes. In Figure 1A , autophagosome-lysosome fusion is demonstrated by colocalization of LC3 and the lysosome marker Lamp2, thereby suggesting full execution of autophagy flux. Collectively, these studies suggest that autophagy occurs in CLL cells after classic stimuli. GAPDH was used as loading control.
Inhibition of ER stress-induced autophagy, but not mTOR inhibitor-, CAL-101-, or fludarabine-induced autophagy, enhances CLL cell death
In normal and cancer cells, autophagy has been demonstrated to promote either survival or cell death, depending on context. 29 We next sought to determine whether autophagy protects CLL cells from death, using autophagy stimuli examined in Figure 1 and also agents used to treat this disease. As shown in Figure 2A and quantified in Figure 2B , we observed by confocal immunofluorescence microscopy a significant (P Ͻ .0001; n ϭ 6) induction of autophagy with either the metabolically active form of fludarabine F-ara-A or the PI3K-␦ isoform inhibitor CAL-101, 25 as evidenced Correlations of LC3 and Lamp2 were significant (rapamycin, P ϭ .0004; thapsigargin, P ϭ .0012; CAL-101, P ϭ .0002; F-ara-A, P ϭ .0001). (E) Viability at 24 hours and 48 hours, shown as percent of annexin (ann) negative and PI-negative cells (n ϭ 8) by flow cytometry. Cytotoxicity of thapsigargin was significantly enhanced by CQ addition (P ϭ .0008). (F) Viability at 24 hours in CLL cells (n ϭ 5) untransfected or transfected with scrambled siRNA or ATG5/7 siRNA and treated with F-ara-A (5M) or thapsigargin (1M). Thapsigargin cytotoxicity significantly increased in ATG5/7 siRNA samples (P ϭ .0047).
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To investigate the impact of autophagy in either promoting or protecting CLL cells from death, we used chloroquine, an agent that prevents fusion of the autophagosome with the lysosome. 30 In these experiments, chloroquine did indeed inhibit autophagosomelysosome fusion at 0.1-0.5M, concentrations attainable in patients receiving this for malaria treatment 31 (supplemental Figure 2) . In Figure 2C and D, we demonstrate by confocal microscopy and quantification of images that, in CLL patient cells (n ϭ 6), the addition of chloroquine to rapamycin (P ϭ .0004), thapsigargin (P ϭ .0012), CAL-101 (P ϭ .0002), or fludarabine (P ϭ .0001) prevents fusion of autophagosomes with lysosomes at 4 hours compared with each agent alone.
Interestingly, chloroquine neither enhanced nor diminished cell death promoted by rapamycin, CAL-101, or fludarabine, nor did it affect cell viability by itself. In contrast, cell death caused by the ER stress-inducing agent thapsigargin was significantly enhanced by the addition of chloroquine (P ϭ .0008; Figure 2E ). To confirm that the enhanced killing in the presence of chloroquine was not the result of an off-target effect, siRNA directed at ATG5/ATG7 was used. As shown in supplemental Figure 3 , ATG5/ATG7 expression in CLL cells was significantly reduced (P Ͻ .0001) with ATG5/ ATG7 siRNA. In these cells, cytotoxicity of thapsigargin was significantly (P ϭ .0047) enhanced compared with cells transfected with the scrambled siRNA control ( Figure 2F) . Together, these studies indicate that autophagy induced with traditional stimuli and common CLL therapeutics does not serve as a mechanism of resistance in CLL cells. In contrast, ER stressinduced autophagy does antagonize death induced by thapsigargin and potentially other ER stress-inducing drugs.
Flavopiridol promotes autophagy in vitro and in vivo in CLL cells
Prior studies by our group demonstrated the presence of doublemembrane structures in flavopiridol-treated CLL cells, suggestive of autophagy. 13 To confirm this, CLL cells (n ϭ 6) were incubated 4 hours with or without flavopiridol and examined by immunofluorescence microscopy. Significant (P ϭ .0001) formation of autophagosomes was observed in flavopiridol-treated cells compared with the vehicle control ( Figure 3A-B) . Concurrently, unrestricted autophagy flux was demonstrated by colocalization of LC3 and Lamp2 (quantified in Figure 3C ). Induction of autophagy in flavopiridol-treated cells was also shown by immunoblot for LC3 and signaling adaptor protein p62/SQSTM1 ( Figure 3D ). p62/ SQSTM1 is a target of the autophagic process 32 ; thus, a decrease of this protein suggests induction of the autophagy flux. Consistent with this, p62/SQSTM1 levels are decreased in the presence of flavopiridol. However, it has been shown that levels of p62/ SQSTM1 are not regulated exclusively by autophagy; therefore, p62/SQSTM1 cannot be taken as an absolute marker of autophagy flux. 33 Autophagy flux was examined as previously described 34 also in a time course with flavopiridol ( Figure 3E ), which revealed a significant (P ϭ .0008) accumulation of autophagosomes (increased LC3 fluorescence intensity) up to 4 hours of treatment, followed by a decrease in LC3 intensity after 8 hours of treatment, indicative of autophagosome degradation by the lysosomal enzymes.
To determine whether flavopiridol-mediated autophagy is the result of inhibition of CDK versus an alternative kinase, we next examined CDK1 and CDK5, both targeted by flavopiridol and previously demonstrated to prevent autophagy initiation through phosphorylation of Vps34. 35 CDK5 was found to be expressed in CLL patient cells, whereas CDK1 was below the level of detection both by real-time RT-PCR (C T values ϳ 32-34) and by immunoblot (supplemental Figure 4B ). Cells transfected with siRNA to CDK5 (P ϭ .0003) exhibited a decrease in CDK5 expression (supplemental Figure 4A -B) and an increase in autophagy (supplemental Figure 4C ) compared with cells transfected with scrambled siRNA, indicating that flavopiridol-induced autophagy in CLL cells is mediated at least in part via CDK5 inhibition.
We next sought to determine whether induction of autophagy occurred in CLL patients treated with flavopiridol, using samples from patients enrolled on clinical trial OSU-0491 (NCI 7000; www.clinicaltrials.gov; #NCT00098371), a phase 2 multicenter study of flavopiridol administered as 30-minute loading dose followed by 4-hour continuous infusion in patients with previously treated CLL. In this trial, CLL cells were collected before and immediately after therapy (4.5 hours), day 1 (n ϭ 16). By confocal fluorescence microscopy, both increased autophagosome formation (P ϭ .0011) and fusion with lysosomes are observed ( Figure 3F ). Analysis of LC3 integrated intensity showed that overall, LC3 intensity was 1.44 times higher in nonresponders compared with responders (95% CI, 1.07-1.95; P ϭ .0183). Although the increase in intensity in samples collected at 4.5 hours after beginning of flavopiridol infusion versus pretreatment was slightly higher for nonresponders compared with responders (fold change 2.51 vs 1.82), it was not significantly higher (P ϭ .3445; Figure 3G ). We also confirmed the increase in autophagy flux after flavopiridol therapy by p62/SQSTM1 immunoblot, which shows a decrease in protein expression in samples collected at 4.5 hours into the flavopiridol infusion ( Figure 3H ), supporting the observations in the CLL primary cells treated in vitro ( Figure 3D ). To confirm that the changes seen with LC3 and p62/SQSTM1 at protein level are indeed the result of differences in the rate of degradation and not because of transcription regulation, we tested LC3 and p62/ SQSTM1 by RT-PCR (n ϭ 5 for both in vitro and in vivo data), and we observed no significant changes relative to vehicle or pretreatment samples, as shown in supplemental Figure 8A through D. Collectively, these studies provide evidence that our in vitro observations are relevant to the clinical setting.
Inhibition of autophagy enhances flavopiridol cytotoxicity
As shown Figure 4A , cotreatment with chloroquine significantly enhances the cytotoxicity of flavopiridol in CLL cells (n ϭ 15; BLOOD, 9 AUGUST 2012 ⅐ VOLUME 120, NUMBER 6 For personal use only. on June 5, 2017. by guest www.bloodjournal.org From P ϭ .001). Because chloroquine could affect other cell processes in addition to autophagy, we next tested whether knockdown of ATG5/ATG7 by siRNA enhanced flavopiridol cytotoxicity. After ATG5/ATG7 knockdown by transfection of cells with combination of siRNA to ATG5 and to ATG7 (supplemental Figure 3B) , flavopiridol-mediated cell death was significantly increased (P ϭ .004; Figure 4B ) as previously observed with thapsigargin.
Flavopiridol induces ER stress in CLL cells in vitro and in vivo
As flavopiridol-treated CLL cells show an autophagy induction pattern similar to ER stress agents, we hypothesized that flavopiridol induces ER stress, a mechanism of action not previously ascribed to CDK inhibitors. We observe a significant, timedependent increase in expression of ER stress genes XBP1, IRE1, and GRP78 in CLL cells treated with flavopiridol as well as the ER stress-inducing agents thapsigargin and tunicamycin (supplemental Figure 5A-C) . Importantly, significant increases in XBP1, IRE1, and GRP78 genes were also observed in samples obtained from CLL patients treated with flavopiridol; cells were collected before treatment (pre) and immediately at the end of flavopiridol infusion (4.5 hours, n ϭ 10; P ϭ .0008 for IRE1, P ϭ .0016 for XBP1, P ϭ .033 for GRP78) but not in CHOP (P ϭ .292; Figure 5 ). To determine whether the ER stress induced by flavopiridol in CLL cells is the result of CDK5 inhibition, CLL cells were transfected with siRNA to CDK5. Compared with the scrambled control, CDK5 siRNA transfection resulted in increased expression of XBP1, GRP78, and IRE1 (P ϭ .0007, .00036, and .0002, respectively), as was observed in cells incubated with flavopiridol (supplemental Figure 5D-F) . For all our real-time RT-PCR experiments, we used CD52 as control housekeeping gene (GAPDH and TBP showed significant variability in the presence of flavopiridol).
ER stress response in CLL cells is dysfunctional
Because our initial ER stress studies in CLL cells showed that one of the ER stress markers, CHOP, does not increase like the other markers examined, we decided to further characterize this pathway in CLL cells. To this end, we examined the activity of the unfolded protein response (UPR) initiators PERK, IRE1, and ATF6. PERK was minimally active after thapsigargin and flavopiridol treatment, as assessed by phosphorylation of its downstream target eIF2␣. As a control, cell lines treated with flavopiridol or thapsigargin showed dramatic eIF2␣ phosphorylation (supplemental Figure 6A) . Similarly, no evidence of IRE1 activity was noted after flavopiridol or thapsigargin treatment, as determined by a general deficiency in splicing of the IRE1 substrate XBP1 (8 of 10 CLL samples tested). Furthermore, neither thapsigargin nor tunicamycin induced XBP1 splicing in any of the samples analyzed (supplemental Figure 6B) . In contrast, B cells from healthy donors and multiple cell lines (HeLa, 293T, RAW 264.7, 697) treated with flavopiridol or ER stress inducers showed XBP1 splicing. This finding suggests the UPR response machinery in CLL cells is at least partially dysfunctional.
Although PERK activation and XBP1 splicing were not observed, the increases in XBP1, IRE1, and GRP78 expression in vitro and in vivo suggest that part of the UPR is activated with flavopiridol. GRP78 transcription is induced by ATF6, a transcription factor that translocates to the nucleus in the presence of ER stress. 26 ATF6 nuclear translocation was therefore examined by confocal fluorescence microscopy. As shown in Figure 6A , increased nuclear translocation is observed in flavopiridol-or thapsigargin-treated CLL patient cells. This was complemented by enhanced binding of the GRP78 promoter region by ATF6, as determined by ChIP assay using anti-ATF6 antibody versus a nonspecific (IgG) control in 697 cells treated with flavopiridol or thapsigargin ( Figure 6B ). This increased promoter binding was not noted with F-ara-A. Importantly, results were similar in in vivo, in samples from CLL patients obtained pretreatment versus samples collected immediately after therapy (4.5 hours; Figure 6C ). We also tested GRP78 protein expression by immunoblot, and we observed an increase in the presence of flavopiridol and thapsigargin (at 6 hours) but not in F-ara-A-treated CLL cells. We tested samples from 6 patients; supplemental Figure 6C shows one representative immunoblot of 3, each with samples from 2 CLL patients.
In addition to ATF6 nuclear translocation and GRP78 transcriptional induction, another early event of UPR is the formation of a complex between IRE1, the adaptor molecule TRAF2, and the MAP kinase pathway member ASK1. We detected the formation of this complex by increased levels of ASK1 and IRE1 protein in TRAF2 coimmunoprecipitates in 697 cells treated with flavopiridol, and to a lesser extent with thapsigargin, as shown in Figure 6D . This same increase in IRE1 and ASK1 association with TRAF2 is noted in CLL patient cells in vivo after flavopiridol infusion ( Figure 6E ). Direct downstream effects of IRE1-TRAF2-ASK1 complex activity include phosphorylation of JNK1 and p38MAPK. Flavopiridol and thapsigargin treatment induced the phosphorylation of both JNK1 and p38MAPK in CLL cells, whereas F-ara-A did not ( Figure 6F ). Moreover, JNK1 and p38MAPK phosphorylation was observed in 5 of 10 CLL patients in samples obtained 4.5 hours after the beginning of flavopiridol infusion ( Figure  6G ). Although the cause of the JNK1 and p38MAPK phosphorylation variability among these clinical samples is unclear, it is possible that variations in sample processing could contribute to these results.
ER stress induced by flavopiridol as a mechanism of cell death
During ER stress-mediated cell death, ASK1 activates caspase 4. 36, 37 To determine whether the flavopiridol-induced IRE1-TRAF2-ASK1 complex contributes to cell death, we therefore investigated caspase 4 and its downstream target caspase 8. In CLL cells incubated with flavopiridol, thapsigargin, or tunicamycin, caspase 4 and caspase 8 activity increased 5-to 10-fold (n ϭ 5; P ϭ .0001) compared with cells incubated with vehicle or F-ara-A (supplemental Figure 7A-B) . This increased caspase activity was successfully inhibited by the caspase 4 inhibitor Z-YVAD-FMK. Moreover, flavopiridol-mediated cell death was significantly (P ϭ .012) reduced in the presence of Z-YVAD-FMK (supplemental Figure 7C) . In samples from CLL patients treated with flavopiridol in the clinic, 13 of 20 showed at least a 2-fold increase in the activity of caspase 4 and caspase 8 at 4.5 hours after flavopiridol infusion (supplemental Figure 7E ). To confirm the contribution of ASK1 activation to this process, cells were transfected with siRNA directed to ASK1 (efficacy shown in supplemental Figure 7D,F) . These cells were significantly (P ϭ .005) more resistant to flavopiridol treatment than cells transfected with scrambled siRNA (Figure 7 ). Moreover, we tested caspase 4 activity in siRNA ASK1 samples, and we observed the absence of activity in the presence of flavopiridol and thapsigargin, as opposed to scrambled and untransfected samples, adding more support to the idea of a possible connection between ASK1 and caspase 4 (supplemental Figure 7G) . Collectively, these findings indicate that ER stress, via the IRE1-ASK1-JNK1-caspase 4 cascade, is a component of the mechanism of CLL cell death by flavopiridol.
Discussion
Since the initial reports that the CDK inhibitor flavopiridol was active as a therapeutic in CLL, 5 significant effort has been put forth to understand why this agent potently induces cell death in growth-arrested, transformed lymphoid cells. As our earlier work suggested that flavopiridol caused changes consistent with autophagy in CLL patient cells, 13 we performed a detailed examination of this pathway. Here we document that primary CLL cells express the critical components of the autophagy machinery and that autophagy can be robustly activated in these cells by commonly reported stimuli and also select CLL therapeutics, including fludarabine, CAL-101, and flavopiridol. Unexpectedly, the induction of autophagy offered little protection from cell death from most stimuli, including fludarabine and CAL-101. Flavopiridol and the ER stress-inducing agent thapsigargin were notable exceptions, where either pharmacologic or siRNA-mediated inhibition of autophagy enhanced cytotoxicity.
This observation prompted the hypothesis that an unappreciated mechanism of flavopiridol action was through ER stress. We demonstrate here that flavopiridol does indeed mediate robust ER stress in CLL cells but that this process is dysfunctional compared with normal B cells as characterized by the absence of PERK activation and XBP1 splicing. Nonetheless, flavopiridol-induced ER stress promotes cell death via IRE1-induced activation of ASK1 and caspase 4. Notably, activation of autophagy, ER stress, and downstream activation of caspase 4 was demonstrated in samples obtained from CLL patients receiving flavopiridol treatment. These collective findings document, for the first time, that CDK inhibitors promote ER stress and also identify autophagy as a mechanism of CDK inhibitor resistance that can be therapeutically targeted in resistant tumors.
Beyond identifying new mechanisms of action and resistance for CDK inhibitors, these studies have further relevance to the field of cancer. To our knowledge, this represents the first systematic investigation of autophagy in CLL or any other primary tumor cell with multiple inducers of this process. These results demonstrate that many stimuli, including common therapeutic agents, can promote autophagy in CLL tumor cells. However, for most of these stimuli, disruption of autophagy does not enhance cell death. Agents that induce ER stress proved an exception to this, indicating that, for ER stress mediated killing, the process of autophagy is a relevant resistance mechanism. The general applicability of this finding to other tumors is supported by several other studies in which autophagy is identified as a mechanism of drug resistance. [38] [39] [40] Notably, each of the agents identified was shown to be an inducer of ER stress. These findings collectively provide justification for exploring combination strategies with CDK inhibitors, and potentially other ER stress inducers, with inhibitors of autophagy to enhance therapeutic benefit.
Multiple mechanisms of action have been suggested for flavopiridol and other CDK inhibitors. 4, 5, 8 For example, flavopiridol has been shown to inhibit alternative targets, such as GSK3-␤, in addition to multiple CDKs. 4, 41, 42 However, no reports have associated this class of drugs with ER stress in CLL or other cancers. It is of interest that CDK1 and CDK5, both inhibited by flavopiridol, inhibit autophagy by phosphorylating Vps34, a necessary initiator of this process. 35 In this work, we demonstrate that knockdown of CDK5 expression results in both induction of autophagy and increase in ER stress genes in CLL cells. ER stress is a natural cellular response to a variety of stimuli that leads to the UPR [43] [44] [45] involving: (1) IRE1 activation that leads to XBP1 mRNA splicing;
(2) ATF6 release from the ER membrane, followed by nuclear translocation and transcriptional up-regulation of ER response genes; and (3) PERK activation and phosphorylation of eIF2␣, which leads to the inhibition of translation initiation. 27 With continued ER stress, terminal UPR events occur that include release of ER-sequestered calcium, IRE1 association with TRAF2 and ASK1, and subsequent activation of multiple proapoptotic processes that ultimately lead to cell death. 37, 46, 47 Limited studies have suggested that ER stress-inducing agents can promote apoptosis in CLL. 48 Our data show that, in CLL, but not normal B cells or cell lines, the ER stress response is only partially functional as demonstrated by absence of XBP1 splicing and PERK activation. However, after treatment with flavopiridol or thapsigargin, CLL cells demonstrate ATF6 nuclear translocation and binding to GRP78 promoter as well as formation of the IRE1/TRAF2/ASK1 complex and activation of JNK1, p38, and caspase 4. The importance of the IRE1/TRAF2/ASK1 complex formation and downstream caspase 4 activation to flavopiridol cell death is demonstrated by both ASK1 siRNA knockdown and also caspase 4 inhibition, both of which antagonize flavopiridolinduced cell death. The clinical relevance of these in vitro findings was confirmed by examination of cells from patients receiving flavopiridol, in which these same biochemical events were noted. Although our data are supportive of the mechanism of action put forward, there are some inconsistent results from prior published work and our findings. Specifically, although our data support ER stress induced by flavopiridol as one mechanism of action of this agent, the lack of correlation of response with down-regulation of Mcl-1 12 is problematic given that knockdown of this gene generally is associated with ER stress lethality. 49 One potential explanation for lack of correlation of MCL-1 down-regulation is compensatory early rebound of this protein observed or alternative BCL-2 family protein member compensation. Downstream ER stress changes after flavopiridol treatment in vivo, including JNK and p38 phosphorylation, are not fully supportive, suggesting either inappropriate time assessment or alternative mechanisms of killing contributing to tumor elimination in a subset of patients treated with this agent. Further characterization of downstream ER stress pathway activation and its relationship to clinical response will be required to establish this as the driving mechanism of cell death induced by flavopiridol in CLL cells.
The complex network of signals induced by flavopiridolmediated ER stress suggests novel approaches to enhance CDK inhibitor efficacy in CLL and potentially other cancers as well. Specifically, therapeutics, such as chloroquine, that block the autophagic process may convert a CDK inhibitor-resistant case to a responsive one. Notably, our studies with chloroquine were performed using concentrations that are physiologically attainable in patients receiving treatment for malaria. Other strategies to interfere with autophagy could include targeting ATG4 members or the Vps34/Beclin1/Barkor complex. Similarly, these results support the development of strategies to enhance activation of the late UPR response, including IRE1/TRAF2/ASK1 complex formation and activation of caspase 4. Given that thioredoxin directly binds to ASK1 and prevents its inclusion in this complex, 50 pharmacologic agents depleting thioredoxin represent an attractive potential combination. Regardless, the clinical potential of CDK inhibitors in CLL and other malignancies cannot be ignored, and efforts focused on combination therapies targeting the autophagy and UPR networks will help to optimize their application in the treatment of cancer. BLOOD, 9 AUGUST 2012 ⅐ VOLUME 120, NUMBER 6 For personal use only. on June 5, 2017 . by guest www.bloodjournal.org From
